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TECHI\TICAL NOTE D-143 

E=FFECTS O F  FLIGHT S I W T O R  MOTION ON PILOTS' 

PERFORMANCE OF TXACKING TASKS 

By Joseph G. Douvillier, Jr . , Howard L. Turner, 
John D. McLean, and Donovan R. Heinle 

SUMMARY 

The ef fec t  of motion of a f l i g h t  simulator on p i l o t s '  performance 
oi' a t racking t a sk  has been investigated by comparing the  a i r - t o - a i r  
t racking performance of two p i l o t s  in  f l i g h t ,  on a motionless f l i g h t  
simulator,  and on a f l i g h t  simulator free t o  roll and t o  p i t ch .  Two 
d i f f e ren t  a t tack  displays were used. 

It w a s  found i n  t racking a maneuvering t a r g e t  t h a t :  t he  results 
from t h e  moving f l i g h t  simulator resembled the  results from f l i g h t  much 
more than did those from the  motionless simulator; and t h a t  i n  f l i g h t  
t he  conventional c i rc le -dot  display w a s  superior t o  a drone display. 
For simpler t racking t a sks  it was not possible  t o  detect  these  differences.  

INTRODUC TI0 N 

I n  the  design of cockpit-instrument displays f l i g h t  simulators a r e  
used extensively f o r  preliminary studies and f o r  much of t h e  advanced 
development. Yet, l i t t l e  i s  known about the  differences i n  p i l o t s '  
t racking performance between ac tua l  f l i g h t  and simulated f l i g h t .  
references 1 and 2 are reported s tudies  of p i l o t s '  t racking performance 
i n  f l i g h t  and i n  a motionless f l i g h t  simulator. I n  these s tud ies  two 
d i f f e ren t  radar- target  t racking displays were used i n  a i r - t o - a i r  lead- 
co l l i s ion  a t tacks  against  a nonmaneuvering t a r g e t .  The simulator t e s t s  
( r e f .  1) indicated moderately b e t t e r  t racking with a "drone" d isp lay  
than with a "circle-dot" display.  (The two displays a re  sketched i n  
figure 1 and a re  described i n  some d e t a i l  i n  t he  next sec t ion . )  The 
f l i g h t  t e s t s ,  as in te rpre ted  i n  reference 2, did not disagree with the  
simulator t e s t s ,  though they were inconclusive. 

I n  

Arnes Research Center personnel, who have accumulated considerable 
experience i n  studying radar- target  t racking problems ( r e f s  . 3 and 4), 
f e l t  t h a t  f l i g h t  t e s t s  of the  two displays i n  a t t acks  against  a maneuver- 
ing t a r g e t ,  instead of a nonmaneuvering t a r g e t ,  would show more c l ea r ly  
any important differences.  I n  addition, and of more fundamental in te res t ,  
r epe t i t i on  of the  t e s t s  on a f l i g h t  simulator f r e e  t o  p i t c h  and t o  roll, 
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and again on a motionless s imula to r ,  would provide data  which on comparison 
with f l i gh t  data  might y i e l d  an estimate of the  e f f e c t s  of s imula to r  
motion on p i l o t s '  performance of a tracking t a sk .  

Therefore, the  experiment reported here was undertaken. Two Ames 
tes t  p i l o t s  used both t h e  circle-dot  and the  drone displays i n  lead- 
co l l i s ion  a t tacks  against  a nonmaneuvering t a r g e t  and i n  pursu i t  a t tacks  
against  both a nonmaneuvering t a r g e t  and one executing a l e v e l ,  1.5 g 
turn .  
p i t ch  and t o  roll, and i n  the  same simulator with no motion. 

Tests were performed i n  f l i g h t ,  i n  a f l i g h t  simulator f r e e  t o  

A very b r i e f  discussion of t h e  r e s u l t s  of t h i s  study, as well  as 
t h e  r e su l t s  of several  other Ames studies  which afforded comparisons 
of f l i g h t  and simulator results, is presented i n  reference 5 .  

EQUIPMENT AND TESTS 

Fl ight  Studies 

The at tacker  a i rplane was an F-86D interceptor  ( f i g .  2) equipped 
with an E-4 radar f i re -cont ro l  system which i s  described b r i e f l y  i n  
references 3 and 4 and i n  d e t a i l  i n  references 6 and 7. The t a r g e t  
a i rplane (an ~ - 8 4 ~ ,  an F-86A, or an F-86F) was equipped with t w o  
rearward-pointing radar corner r e f l ec to r s  mounted i n  external  f u e l  tanks.  

The two t e s t  displays,  t he  drone and the  more conventional c i r c l e  
I n  the  circle-dot  display dot ( r e f s .  1 and 2 ) ,  are shown i n  f igure  1. 

a f ixed reference c i r c l e  (analogous t o  a f ixed i ron  gunsight r i n g ) ,  a 
moving t a rge t  dot,  and a s t ab i l i zed  horizon l i n e  are presented on t h e  
oscilloscope face.  
f ixed c i r c l e  according t o  t h e  instantaneous pos i t ion  of t he  t a r g e t  
r e l a t i v e  t o  the  a t tacker .  
manner which w i l l  keep t h e  t a r g e t  dot a t  t he  center of the  f ixed c i r c l e  
(much as he would t rack  a v i s i b l e  t a r g e t ,  with zero lead  angle, with 
a f ixed  iron gunsight r i n g ) .  
behaves essent ia l ly  t h e  same as the  horizon l i n e  of an a t t i t u d e  gyro,  
and f rom it the  p i l o t  can estimate t h e  bank and p i t ch  angles of h i s  
a i rp lane .  I n  the  drone display the  t a r g e t  symbol, a dash, i s  f ixed 
a t  t h e  center of t he  oscil loscope face.  The a t tacker  symbol i s  an 
inverted "T," the  drone. This drone i s  displaced from the  f ixed t a rge t  
symbol according t o  t h e  instantaneous posi t ion of t h e  a t tacker  r e l a t i v e  
t o  t h e  target .  The at tacking p i l o t  f l i e s  h i s  a i rplane i n  such a manner 
as t o  keep t h e  drone superimposed on t h e  f ixed t a r g e t  symbol. I n  
addi t ion,  the drone i s  made t o  r o t a t e  according t o  t h e  a t tacker  bank 
angle, which i s  presented i n  the  display as the  angle from a l i n e  
across  the  center of t he  oscil loscope face and p a r a l l e l  t o  the airplane 
l a t e r a l  axis t o  a l i n e  through t h e  drone "wings ." 
shown . 

The t a r g e t  dot i s  displaced from the  center of t h e  

The a t tacker  p i l o t  f l i e s  h i s  a i rplane i n  a 

The horizon l i n e  of t he  c i rc le -dot  display 

Pi tch angle i s  not 
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All t e s t s  were run with both the t a r g e t  and a t tacker  a t  30,000 f e e t  
a l t i t u d e ,  0.70 Mach number. 
flew s t r a igh t  and l e v e l  f o r  60 seconds then executed a 1.5 g l e v e l  t u rn  
f o r  60 seconds. 
t u rns  were made t o  the  r i g h t .  
a s t e r n  a t  a nominally constant range of 1000 yards. 
chosen were those which resu l ted  i n  least r a d i a l  gun l i n e  wander i n  the  
experiment of reference 3. Range and p r o j e c t i l e  time, two of t he  f i r e -  
control-system computer parameters,were f ixed respect ively a t  1000 yards 
and a t  4 seconds. (The ra t iona le  of t h i s  procedure i s  explained i n  
re f .  3.) 
100 f e e t  below t h e  t a r g e t  i n  order t o  avoid i t s  wake. This did not 
adversely a f f e c t  t h e  at tacker  p i l o t ' s  t racking performance. 

For the pursuit-tracking task  t h e  t a r g e t  

A sketch of t he  maneuver i s  shown i n  figure 3 .  All 
The at tacker  tracked the  t a r g e t  from 

The t e s t  conditions 

The computer was a l s o  biased s o  t h a t  t he  a t tacker  f l e w  about 

Lead-collision a t tacks  were begun with the  f l i g h t  path of t h e  
a t tacker  nominally goo from the  f l i g h t  path of t h e  t a r g e t .  
control-system radar  locked on a t  ranges between 12 and 15 miles. 
lead-col l is ion a t tacks ,  range and t i m e  t o  go t o  impact vary continuously 
through a run according t o  t h e  varying geometry of t he  a t tack .  

The f i r e -  
I n  

Continuous motion p ic ture  records of a tes t  run were obtained by 
photographing the  tracking display with a 16m1n G W  camera. 
was mounted so t h a t  it did  not i n t e r f e re  with the  p i l o t ' s  view of t h e  
display. 

The camera 

O f  t he  two p i l o t s  who made the t e s t  runs, one, p i l o t  A, had had 
a grea t  dea l  of experience with the circle-dot  display and the  E-4 f i re-  
control  system, f o r  he had flown almost a l l  the  tes ts  reported i n  
references 3 and 4. 
introduction t o  the  drone display on t h e  motionless f l i g h t  simulator 
used f o r  t h e  tes ts  of reference 1. However, he had no previous f l i g h t  
experience with the  drone display. P i l o t  B had never used an airborne 
radar f i re -cont ro l  system with an oscilloscope display. 

Before t h i s  experiment he w a s  given a very b r i e f  

There a r e  e ight  combinations o f  p i l o t s ,  displays,  and tasks .  The 
number of data  runs f o r  each combination i s  given i n  t h e  following t a b l e .  
The order i n  which each p i l o t  performed the  four display-task combinations 
i s  t h e  order i n  which they a r e  l i s t e d .  

c 
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1 

I I 

Display 

Circle dot 
Drone 
Drone 
Circle  dot 

Task 

P i l o t  A 
Pursui t  
Pursui t  
Lead co l l i s ion  
Lead co l l i s ion  

P i l o t  B 
Drone 
Drone 
Circle dot 
Circle dot 

Simulator Studies 

Pursui t  
Lead co l l i s ion  
Lead co l l i s ion  
Pursui t  

Number of 

14 
12 
23 
26 

27 
18 
27 
42 

Figure 4 i s  a photograph of the  f l i g h t  simulator used f o r  t he  
experiment. The cockpit i s  mounted within a s e t  of two gimbals; t he  
inner gimbal a x i s  i s  coincident with the  cockpit l a t e r a l  ax i s ,  and 
the  outer  gimbal a x i s  i s  coincident with the  longi tudinal  axis when t h e  
inner gimbal angle i s  zero. 

Figures 5 and 6 show the  i n t e r i o r  of the  cockpit .  The cathode 
ray tube,  on which the  t racking display was  presented, i s  iden t i ca l  t o  
t h e  one which w a s  i n  the  t e s t  a i rp lane .  Of t h e  controls ,  which can be 
seen i n  botii f i gu res ,  only the  control  s t i c k  w a s  operative.  Though 
there  was a t h r o t t l e  gr ip ,  no t h r u s t  control  w a s  provided i n  the  simu- 
l a t i o n  since the  added complication was unwarranted f o r  these  t e s t s .  
I n  addi t ion t h e  rudder pedals were made immovzble and t h e  s i d e s l i p  angle 
was f ixed  at zero since,  i n  € l i g h t ,  t he  F i l o t s  used t h e  rudder as only 
a s i d e s l i p  nul l ing device. Both these  s implif icat ions were e n t i r e l y  
acceptable t o  t h e  p i l o t s .  

A simplified block diagram of the  simulation i s  shown i n  f igure  7. 
The space geometry, t h e  radar ,  and t h e  a t t ack  computer are iden t i ca l  
t o  those of reference 8. 
repor t  w i t h  f igure  2 of reference 8, t h e  a t t a c k  coupler and the  auto- 
p i l o t  of the automatic in te rceptor  simulation of reference 8 were 
replaced w i t h  t h e  corresponding elements of t h e  manual E-4 system. 
control  loop w a s  then closed with t h e  p i l o t  and the  f l i g h t  simulator. 
The a i r c r a f t  equations of motion d i f f e r  from those of reference 8 only 
i n  t h a t  t h e  yaw damper w a s  assumed t o  be e f f i c i e n t  enough t o  keep r a t e  
of change of s i d e s l i p  angle iden t i ca l ly  zero. This s impl i f ica t ion  
w a s  necessary because of equipment l imi t a t ions  and, as explained i n  
the  preceding paragraph, was e n t i r e l y  acceptable t o  the  p i l o t s .  
quickening c i r c u i t  i s  shown i n  f igu re  8. 
and t h e  calculat ion of  t h e  t i m e  constants are explained i n  reference 6. 
It can be seen i n  f igure  8 t h a t  when the  display-change switch i s  i n  
the  drone posit ion,  one reso lu t ion  of t he  e r r o r  s igna l  i s  bypassed. 

A s  can be seen by comparing figure 7 of t h i s  

The 

The 
The necessi ty  f o r  quickening 



This i s  because from a display generation standpoint t he  drone display 
presents  t racking e r ro r  i n  a s e t  of pseudo ea r th  coordinates. The 
c i r c l e -do t  display presents t racking er ror  i n  a set of coordinates f ixed 
i n  the  a i rp lane  and so the  las t  resolut ion i s  necessary. 

For both the  lead-col l i s ion  and the pursui t - t racking t a sks  the  
speeds of the  in te rceptor  and t h e  t a rge t  were held constant.  The 
i n i t i a l  conditions and the  simulated f l i g h t  path of t he  t a r g e t  were 
made t o  dupl icate ,  as near ly  as possible,  those of t h e  f l i g h t  t e s t s .  
I n  addi t ion,  f o r  t h e  pursui t - t racking task  the  range from interceptor  
t o  t a r g e t  w a s  constrained t o  be constant and t h e  lead-angle computation 
w a s  omitted from the  a t tack  computer. Since i n  the  f l i g h t  t e s t s  t h e  
ta i l -chase  port ion of t he  pursu i t  t ask  proved t o  be inef fec t ive  as a 
b a s i s  f o r  comparing the  displays,  t h e  steady t u r n  port ion of t he  simu- 
l a t e d  pursu i t  t a sk  was preceded by only 15 seconds of steady, s t r a igh t -  
and-level t a i l  chase instead of 60 seconds as i n  f l i g h t .  

Twelve data runs were made on each of t he  moving and the  motionless 
simulators fo r  each of the  e ight  combinations of p i l o t ,  display,  and 
t a sk .  
it i s  qui te  ce r t a in  t h a t  t h i s  had no e f f ec t  on t h e  r e s u l t s .  Data were 
recorded on 16m.111 f i lm,  much the  same as was done f o r  t he  f l i g h t  t e s t s  
except t h a t  a repeater  oscil loscope i n  t he  analog computer room was 
photographed ins tead  of t he  oscilloscope inside t h e  simulator. 

The order i n  which the  runs were made w a s  not predetermined; but  

DATA REDUCTION 

For the  pursu i t  t ask  the  r a d i a l  t racking e r ro r ,  i n  inches of 
displacement of t he  moving display element from t h e  zero-error posi t ion,  
w a s  read from every t en th  frame (every 10/16 seconds) of t h e  1 6 ~  motion 
p ic tures  of t h e  a t tack  display. For the lead-col l i s ion  a t t acks  t h e  
e r ro r  was read at in t eg ra l  values between 20 and 4 of the  f i re -cont ro l -  
system parameter, t i m e  t o  go t o  impact. 

The procedure f o r  data analysis ,  which was t h e  same f o r  both f l i g h t  
and simulator t e s t s ,  w a s  devised as follows. 
of a i r - t o - a i r  t racking performance by in te rceptor  p i l o t s  (e.g., ref .  3) 
the  measure of accuracy has been t h e  average value of a s e t  of root- 
mean-square ( r m s )  
f o r  each run from many samplings taken instantaneously through the  
run. This method of analysis  imposes t h e  assumption t h a t  t he  time 
h is tory  o f  t racking e r ro r  i s  e s sen t i a l ly  a s ta t ionary  t i m e  s e r i e s  - a 
reasonable assumption f o r  t he  ta i l -chase  port ion and f o r  t he  steady 
t u r n  port ion of t he  pursui t  t ask ,  but an unreasonable assumption f o r  
t he  t r a n s i t i o n  i n t o  the  t u r n  (and a questionable one f o r  t h e  lead- 
co l l i s ion  run) .  
previous s tud ies .  However, i n  t h e  present study the  tes t  p i l o t s '  comments 

I n  t h e  previous s tud ies  

tracking e r ro r s ,  one rms e r r o r  having been obtained 

Data from the  t r a n s i t i o n  were therefore  discarded i n  
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indicated t h a t  s ign i f icant  results would be found i n  t h e  t r a n s i t i o n  
data. Obviously, it was then necessary t h a t  these data be included 
i n  t h e  analysis. I n  order t o  do t h i s ,  t h e  complete t i m e  h i s to ry  of 
r a d i a l  tracking e r r o r  f o r  one run of the  pursu i t  t a sk  was regarded as 
the  experimental uni t ;  and t h e  t i m e  scale  or ig in  of each u n i t  w a s  taken 
a t  the  in s t an t  t h e  t a r g e t  began t r a n s i t i o n  from s t r a igh t  t o  turning 
f l i g h t  (see f i g .  3 ) .  
given se t  of experimental conditions could be obtained by averaging 
the  error  over a l l  the  experimental u n i t s  ( t i m e  h i s to r i e s )  a t  iden t i ca l  
ins tan ts  of t he  time scales .  I n  addi t ion,  by averaging t h e  squared 
residual  e r r o r  over a l l  the  experimental un i t s ,  again a t  iden t i ca l  
ins tan ts  of t h e  t i m e  scale ,  an estimate of t h e  v a r i a b i l i t y  which i s  
l i k e l y t o  occur i n  tracking performance from run t o  run could be 
obtained. 
a t tacks  were obtained i n  the  same manner as f o r  t h e  pursu i t  t a sk  
except t h a t  t h e  averaging was done a t  t h e  in t eg ra l  values of t i m e  t o  
go t o  impact a t  which the  f i lm  records were read. 

Then an estimate of t h e  mean t i m e  h i s tory  f o r  a 

Mean and v a r i a b i l i t y  time h i s t o r i e s  f o r  t he  lead-col l i s ion  

Time h i s t o r i e s  of the  mean e r r o r  and the  v a r i a b i l i t y  i n  t racking 
performance are presented i n  f igures  9 through 22 f o r  t he  various t e s t  
conditions. 

RESULTS OF F L I G H T  STUDIES 

Learning 

An  attempt was made t o  e s t ab l i sh  a learning t rend  f o r  p i l o t  A with 
t h e  drone display and f o r  p i l o t  B with both displays.  
v a r i a b i l i t y  i n  p i l o t  performance from run  t o  run completely masked 
whatever learning process was  taking place.  

However, t h e  

Differences i n  P i l o t s '  Tracking Performance Between Displays 

Pursuit  t ask . -  Figures 9 through 12 show very l i t t l e  difference,  i n  
general, between the  t w o  displays under t h e  s t a t i c  conditions of t h e  
ta i l -chase port ion of t he  t a sk  (negative t i m e ) .  This i s  t h e  expected 
result and i s  i n  qua l i ta t ive  agreement with the  results of references 
1 and 2. P i l o t  B was somewhat b e t t e r  i n  both average and v a r i a b i l i t y  
with the c i r c l e  dot ,  but  not appreciably so.  
about -10 seconds i n  f igures  9 and 11 i s  due t o  a control  reversa l  
made by p i l o t  A during one of h i s  e a r l y  runs with the  drone display. 
Other than t h i s ,  he tracked equally w e l l  with both displays i n  the  
t a i l  chase. 

The build-up of e r r o r  a t  

When t h e  t a rge t  began the  t r a n s i t i o n  from steady s t r a igh t  f l i g h t  
t o  steady t u r n  (time = 0) the  average t racking e r ro r  ( f i g s .  9 and 10) 
rose t o  a peak value some 10 t o  1-5 times as high as i n  t h e  t a i l  chase; 
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then as the  t u r n  s t ab i l i zed ,  t he  error tended t o  assume a steady value 
higher than t h a t  of the  t a i l  chase. 
v a r i a b i l i t y  followed the  same general t rend  as did the  mean e r r o r .  

Figures 11 and 12 show t h a t  t he  

The differences which e x i s t  between these two  displays,  a t  least 
as r e f l ec t ed  i n  the  performance of these two p i l o t s ,  can be seen i n  the  
t r a n s i t i o n  and steady-turn port ions of t he  time h i s t o r i e s  i n  f igures  9 
through 12. 
t r a n s i t i o n  was  higher with the  drone display; it took several  seconds 
longer f o r  t he  p i l o t  t o  reduce t h e  mean e r r o r  from i t s  peak value t o  
some r e l a t i v e l y  constant value a f t e r  the steady t u r n  was establ ished;  
and t h i s  r e l a t i v e l y  constant value i n  t h e  t u r n  w a s  higher. I n  general ,  
t he  same cont ras t s  a r e  present i n  t h e  v a r i a b i l i t y  time h i s t o r i e s ,  
f igures  11 and 12, except that p i l o t  B showed somewhat more v a r i a b i l i t y  
i n  the  t r a n s i t i o n  with the  circle-dot display than he did with the  drone 

For both p i l o t s  t h e  peak mean e r ro r  ( f i g s .  9 and 10) during 

With the  exception of the  f i r s t  f l i g h t  of p i l o t  B with the  drone 
display,  t he  p i l o t s  made no e r r o r s  i n  t u r n  d i rec t ion  (control  reversa ls )  
when t racking the  t a r g e t  i n to  the  turn.  Obviously, no such e r r o r s  
should have been expected s ince t h e  t a rge t  always turned t o  the  r i g h t .  
However, on h i s  f i r s t  f l i g h t ,  which w a s  with the  drone display, p i l o t  B 
was not aware that a l l  t u rns  would be made t o  t h e  r i g h t ,  but believed, 
r a the r ,  t h a t  t he  d i rec t ion  would be random. I n  h i s  f i rs t  two runs he 
misinterpreted the  drone display and turned away f romthe  t a r g e t .  By 
t h e  time he corrected h i s  mistake he had l o s t  t he  t a r g e t .  Data from 
those runs were therefore  discarded. 

The tendency of t h i s  p i l o t ,  on h i s  f i r s t  few runs, t o  make " m n g -  
way" type e r r o r s  with the  drone display cannot be a t t r i b u t e d  t o  habi t s  
formed from experience w i t h  t he  conventional radar-tracking display,  
since he had had none. It i s  possible t h a t  h i s  react ions were conditioned 
by t r a i n i n g  and experience i n  use of t he  conventional a t t i t u d e  gyro,  
which presents  a t t i t u d e  information i n  a sense compatible with t h a t  of 
the  c i rc le -dot  display and opposite t o  t h a t  of the  drone display.  

Lead-collision at tacks.-  Time h i s t o r i e s  of t he  average t racking 
e r r o r s  a r e  p lo t t ed  i n  f igures  13 and 1 4  and of the  v a r i a b i l i t y  i n  
t racking e r r o r s  i n  f igures  15 and 16. 
tracked about equally wel l  on the  average ( f i g s .  13 and 14) and w i t h  
about the  same v a r i a b i l i t y  ( f i g s .  15 and 16) with e i t h e r  display.  
These r e s u l t s  agree, a t  l e a s t  qua l i ta t ive ly ,  w i t h  those of reference 2 
i n  t h a t  they demonstrate no def in i te  difference i n  performance between 
the  two displays.  It appears t h a t  a lead-col l i s ion  a t tack  against  a 
nonmaneuvering t a r g e t ,  l i k e  the  ta i l -chase  p a r t  of the pursu i t  t ask ,  
i s  not a s u f f i c i e n t l y  d i f f i c u l t  task t o  br ing out l a t e n t  differences 
between these two displays.  

It can be seen t h a t  both p i l o t s  
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Differences Between P i l o t s  

Pursuit. task.-  Figures 9 and 10 show t h a t  p i l o t  A wits, i n  general ,  
ab le  t o  maintain a somewhat lower average t racking e r r o r  than p i l o t  B 
w a s ,  probably as a r e s u l t  of p i l o t  A ' s  g rea te r  experience with the  f i r e -  
control system. The difference between the  p i l o t s  w a s  not as grea t  with 
the  drone display as it was with t h e  c i r c l e  dot ,  undoubtedly because 
p i l o t  A had a l l  h i s  previous experience with the  c i r c l e  dot.  The l a r g e s t  
difference was evident i n  t h e  t r a n s i t i o n  i n t o  t h e  t u r n  of t h e  pursu i t  
t a sk .  Figures 9 and 10 show t h a t  p i l o t  A kept t h e  average t racking e r r o r  
lower in the  t r a n s i t i o n  than d id  p i l o t  B, pa r t i cu la r ly  with the  c i r c l e  
dot.  After t h e  t u r n  was  s t ab i l i zed  the  difference i n  average e r ro r  
between the  p i l o t s  w a s  qui te  small with e i t h e r  display.  A comparison 
of f igures  11 and 12 shows again the  e f f ec t  of p i l o t  A ' s  experience 
with the circle-dot  display.  He tracked much more consis tent ly  i n  t h e  
tu rn  than did p i l o t  B,  pa r t i cu la r ly  so  during the  ea r ly  p a r t  of t he  turn .  
On t h e  other hand, with t h e  drone display p i l o t  B was, at  l e a s t  i n  p a r t ,  
more consistent than p i l o t  A even though B had a somewhat higher average 
error  ( f ig s .  9 and 10).  

Lead-collision at tacks.-  The comments made i n  discussing t h e  d i f f e r -  
ences between displays i n  lead-col l i s ion  a t tacks  apply here a l so .  I n  
f igures  13 through 16 no s igni f icant  difference between t h e  two p i l o t s  
i s  evident. It can be concluded t h a t  t he  lead-col l i s ion  t a s k  was, again, 
not suf f ic ien t ly  d i f f i c u l t  t o  br ing out differences.  

COMPARISON OF FLIGHT AND SIMULATOR RESWS 

To f a c i l i t a t e  t h e  subsequent discussion t h e  f l i g h t  r e s u l t s  of 
f igures  9 through 14 a re  presented again,  i n  conjunction with t h e  
pertinent simulator r e s u l t s ,  i n  figures 17 through 22. 

Pursuit  Task 

Figures 17 and 18 af ford  a t  l e a s t  a qua l i ta t ive  comparison of t h e  
tracking performance with t h e  airplane,  moving simulator, and motionless 
s i m u l a t o r  f o r  each p i l o t .  The figures show t h a t  f o r  t he  moving simulator 
t he  shapes and r e l a t i v e  magnitudes of t h e  t i m e  h i s to r i e s  of average 
tracking e r ro r  are more nearly l i k e  those of f l i g h t  (though t h e  absolute 
magnitudes a re  generally somewhat lower) than a r e  those f o r  t h e  f ixed  
s imulator .  
b e t t e r  with the  drone display than with t h e  c i r c l e  dot - a r e s u l t  exact ly  
opposite t o  that of f l i g h t .  Figures 19 and 20 show the  v a r i a b i l i t y  i n  
t h e  p i lo t s '  tracking performance on t h e  simulators and i n  f l i g h t .  The 
contrasts  here are not as c l ea r  cut  as f o r  t h e  average e r ro r s .  I n  

I n  f a c t ,  on the  f ixed  simulator p i l o t  B tracked somewhat 
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general  both p i l o t s  were considerably more variable i n  f l i g h t  than on 
e i t h e r  simulator - except f o r  p i l o t  B with the  drone display on the  
f ixed simulator. The time h i s to r i e s  f o r  p i l o t  A on the  moving simulator 
resemble, a t  l e a s t  i n  shape and i n  re la t ive  magnitude, t he  corresponding 
time h i s to r i e s  i n  f l i g h t .  No similar cor re la t ion  appears among the  
three  t e s t  environments f o r  t h e  va r i ab i l i t y  i n  tracking by p i l o t  B. 
H e  w a s  considerably more variable on the  motionless simulator than on 
the  two-degree-of-freedom simulator, and nei ther  simulator t i m e  h is tory 
c lose ly  resembles the  f l i g h t  history.  

Why tracking performance d i f f e r s  among f l i g h t ,  the  moving simulator, 
and t h e  f ixed simulator cannot be deduced from the  r e s u l t s  of t h i s  
experiment. It i s  obvious, though, t h a t  f o r  comparing the  two displays 
a f ixed simulator gives results en t i r e ly  d i f f e ren t  from f l i g h t ,  except 
f o r  tracking problems approaching the t r i v i a l .  On the  other hand the  
moving simulator appeared t o  give r e s u l t s  which, a t  l e a s t  f o r  average 
e r ro r ,  could be r e l a t ed  t o  f l i g h t .  

Lead-Collision Task 

Figures 21 and 22 show t h e  average t racking e r ro r s  f o r  each p i l o t .  
The performance on the  two s i m u l a t o r s  i s ,  i n  a l l  cases, b e t t e r  than 
t h a t  i n  f l i g h t .  However, t he  r e su l t s  do not vary appreciably e i t h e r  
between s imula to r s  o r  between displays. 

The v a r i a b i l i t y  w a s  essent ia l ly  zero fo r  a l l  simulated cases and 
therefore  no time h i s to r i e s  a re  presented f o r  t h i s  parameter i n  the  
lead-col l i s ion  a t tacks .  So it appears t h a t  f o r  t h e  e s sen t i a l ly  s t a t i c  
t racking problem of t h e  lead-col l is ion t a sk  the  motion of t he  two-degree- 
of-freedom simulator provided no advantage over t h e  f ixed simulator. 
Jus t  as f o r  comparing the  displays i n  f l i g h t ,  lead-col l is ion t racking 
w a s  too simple a task  t o  br ing out the differences between simulators. 

PILOT O P I N I O N  

I n  considering the  charac te r i s t ics  of these t w o  displays i n  the  
three  environments under discussion it might be w e l l  t o  look a t  them 
from the  p i l o t ' s  viewpoint. A n  understanding of t h i s  viewpoint could 
help t o  explain the  s t a t i s t i c a l  differences shown i n  the  d-ata. 

The p i l o t  governs h i s  control  of an airplane by v isua l  and vest ibular  
cues t o  achieve the  goal of h i s  f l i g h t .  Through experience some of 
these cues a re  not sampled i n  a conscious manner but  contribute i n  an 
automatic way t o  h i s  control  inputs. 
a l l  of t he  p i l o t ' s  cues a re  v isua l  except f o r  the  motion and forces  
involved with the  control  he i s  using. With t h e  moving simulator used 

With a motionless f l i g h t  simulator, 
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i n  t h i s  investigation, r o l l  and p i t ch  motions and accelerat ions a re  
avai lable  f o r  t h e  p i l o t ' s  vest ibular  sensing but  other motion cues 
are not present. The f i d e l i t y  of t h e  simulation w i l l  depend on whether 
t he  task  given the  p i l o t  can be represented t o  h i s  senses accurately by 
vis ion alone o r  whether some motion i s  necessary. The r e l a t i v e  importance 
of t he  motion i n  d i f fe ren t  axes may a l s o  have a bearing on the  simulation 
of a par t icu lar  task.  

The circle-dot  display as described under equipment i s  a symbolic 
representation of what t he  p i l o t  would see i f  he were looking through 
the  airplane windshield. 
reference s ince it remains f ixed i n  space p a r a l l e l  t o  the  na tura l  
horizon. From it he reads the  p i t ch  and r o l l  a t t i t u d e  of h i s  own a i r -  
plane by use of t he  f ixed c i r c l e  i n  the  center  of t he  scope. 
dot represents the  t a rge t  and shows i t s  r e l a t i v e  displacement from the  
horizon and from h i s  own airplane.  It i s  important t o  keep i n  mind 
t h a t  t he  p i l o t  i s  f ly ing  the  f ixed  c i r c l e  - h i s  control led element. 
f l i g h t ,  m o s t  of t he  v isua l  cues t h e  p i l o t  uses are given by t h i s  display 
i n  the  same re la t ionships  t h a t  he sees when performing a v isua l  t racking 
t a sk .  I n  a simulator f r e e  t o  p i t ch  and r o l l ,  it appears t h a t  most of 
t he  important motion cues a re  present and the  display should present 
a sa t i s fac tory  representat ion t o  t h e  p i l o t .  
however, the a r t i f i c i a l  horizon moves while the  real horizon o r  ear th  
reference stands s t i l l .  
p i l o t ' s  sensing of no motion but  t he  a r t i f i c i a l  horizon ro t a t e s  and 
moves i n  a d i rec t ion  opposite t o  t h e  p i l o t ' s  s t i c k  ro ta t ion  and movement. 
This tends t o  cause some confusion i n  the  p i l o t ' s  sensing and can lead 
t o  errors  usually of control  reversa ls  or  control  inputs opposite t o  
those desired.  
sa t i s fac tory  as motion i s  eliminated from t h e  simulation. 

The a r t i f i c i a l  horizon provides him with a 

The moving 

I n  

With the  motionless simulator, 

Not only does t h i s  motion disagree with the  

It appears t h a t  t he  circle-dot  display becomes less 

With the drone display used i n  t racking i n  f l i g h t ,  the  p i l o t  has 
no p i t ch  information avai lable  since h i s  a t t i t u d e  symbol, the  drone, 
shows ta rge t  e r ro r  and airplane bank angle referenced t o  t he  airplane 
cockpit .  The motion of t he  drone i n  r o l l  tends t o  be confusing since 
it ro ta t e s  i n  space twice as fast  as t h e  p i l o t  does and therefore  does 
not agree with some of h i s  motion cues. 
considered t h e  control led element i s  ac tua l ly  governed by two independent 
inputs ,  one f rom the  p i l o t ' s  controls  and one from t a rge t  information. 
This causes confusion since there  i s  no d i r ec t  re la t ionship  between the  
p i l o t ' s  input and movement and t h e  motion of  the  drone. 
comments generally apply t o  the  use of t h i s  display i n  a ro l l i ng  and 
pi tching f l i g h t  simulator. 
display i s  an easy one t o  use. The bank angle of t he  drone symbol i s  
a d i r e c t  indication of bank referenced t o  both the  cockpit and t o  t he  
r e a l  horizon. The r o l l  veloci ty  of t he  drone i s  a d i r ec t  function of 
control  input i n  r a t e  and direct ion.  
becomes l e s s  s a t i s f ac to ry  when motion i s  added t o  the  simulation. 

The drone which must be 

The same 

In  a ground-f ixed siinulator , the  drone 

It appears t h a t  the  drone display 
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CONCLUDING REsIIw(S 

I .  

In order to obtain an estimate of the effect of rolling and pitching 
motions of a flight simulator on the pilot's performance of simulated 
tracking tasks, comparativk studies of two air-to-air tracking displays 
were made in flight, on a two-degree-of-freedom flight simulator, and 
on a motionless flight simulator. A drone display and a circle-dot 
display were used for two tracking problems: 
a lead-collision attack. From an appraisal of the results the following 
can be said. 

a pure pursuit task, and 

For flight simulator studies of cockpit displays it appears that 
a motionless simulator should not be used. Further, the results of 
studies on a simulator which provides the pilot with motion stimuli 
should be extrapolated to flight with reservation. 

In flight the drone display offers no improvement in tracking 
accuracy over the conventional circle-dot display under the essentially 
static conditions of attacks against a nonmaneuvering target. For 
pursuit attacks against a maneuvering target the circle-dot display is 
appreciably superior in both average tracking error and in variability 
of tracking error. 

Work should be done to establish, more comprehensively, the relation- 
ship between motion stimuli and the degree of realism of a simulated 
problem as measured by the similarity between pilots' performance in 
the airplane and in the flight simulator. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., Sept. 30, 1959 
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Figure 5.- The interior of the simulator cockpit. 
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Figure 13.- Time h i s t o r i e s  of  m e a n  r ad ia l  tracking e r ro r  during the  lead- 
co l l i s ion  a t tacks  in  f l i g h t ;  p i l o t  A. 
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Figure 14 . -  Time h i s t o r i e s  of mean r a d i a l  t racking error during the  lead- 
co l l i s ion  a t tacks  i n  f l i g h t ;  p i l o t  B. 
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Figure 15.- Time histories of variability in radial tracking error during 
the lead-collision attacks in flight; pilot A .  
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Figure 16.- Time h i s to r i e s  of v a r i a b i l i t y  i n  r a d i a l  t racking error during 
the lead-col l i s ion  a t t acks  i n  f l i g h t ;  p i l o t  B. 
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(a) Fl ight .  

(b) Two-degree-of -freedom f l i g h t  simulator. 

T ime f r o m  t a r g e t  e n t r y  i n t o  t u r n ,  s e c  

( c )  Motionless f l i g h t  simulator. 

Figure 17.- Time h i s to r i e s  of mean r a d i a l  t racking e r ro r  during t h e  
pursu i t  t ask  i n  the  three t es t  environments; p i l o t  A. 
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Figure 18.- Time histories of mean radial tracking error during the 
pursuit task in the three test environments; pilot B. 
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the pursuit task in the three test environments; pilot B. 
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Figure 21.- Time histories of mean radial tracking error during the lead- 
collision attacks in the three test environments; pilot A. 
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Figure 22.- Time histories of mean radial tracking error during the lead- 
collision attacks in the three test environments; pilot B. 
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